INTRODUCTION

B
acterial virulence is a multilayered phenomenon, and only in some exceptional cases is it determined by a single factor. Virulence factors rather exert their function additively or in varying interdependence so that they promote optimal colonization, production of offspring, and propagation of pathogens. Most virulence factors are highly specialized determinants shaped by the adaptation of the pathogen to its host niche, e.g., toxins, secretion systems, and their effectors or receptor binding proteins. In contrast, some others, such as hydrolases, transporters, or chelators, are of a more general nature in their biological function and distribution among pathogenic and nonpathogenic organisms.
Peptidyl-prolyl cis/trans isomerases (PPIases) belong to the latter group of proteins. These ubiquitously distributed proteins catalyze the cis/trans isomerization of peptide bonds preceding prolyl residues, thereby assisting protein folding (1) . Nevertheless, growing evidence from recent years points at virulence-associated functions of members of this protein family in pathogens. In this review, we give an overview of PPIases as such and their contributions to virulence in bacterial and protozoan parasites, with a focus on the group of macrophage infectivity potentiator (Mip)-like PPIases and their potential as drug targets.
A SHORT RETROSPECTIVE ON PPIases
The discovery of PPIases (EC 5.2.1.8), a superfamily currently comprising three distinct families, dates back to the 1980s and was driven by the observation of the relatively slow cis/trans conversion rate of peptidyl-prolyl bonds and the influence of this on protein folding and denaturation kinetics (2, 3) . In almost all peptide bonds, the trans conformer is favored over the cis conformer, because of the steric hindrance of the side chains in the latter constellation and the resulting free energy difference of approximately 2.6 kcal/mol (Fig. 1A) . However, due to the unique structure of proline, which results from the cyclization of the side chain with the ␣-amino group forming a pyrrolidine ring, the levels of steric hindrance in both isomers of a peptidyl-prolyl bond are comparable (Fig. 1B) . Hence, the free energy difference between the trans conformer of a peptidyl-prolyl bond and its cis isomer is about 0.5 kcal/mol (4) . This causes peptidyl-prolyl bonds, which have no significant energetic preference for one of the two conformations, to slow down protein dynamics by a factor of 100 during folding and denaturation (2) . Accordingly, the effect of peptidylprolyl isomerization on folding could be observed in small peptides and also during the refolding of denatured RNase A, which exists in an equilibrium of fast-and slow-folding forms due to its four peptidyl-prolyl bonds (3, 5, 6 ).
An enzymatic activity which accelerates the cis/trans isomerization of peptidyl-prolyl bonds was detected for the first time in porcine kidney extracts, initially on peptide substrates and later also on RNase A and some other proteins (7) (8) (9) (10) . Consecutive efforts to isolate the first PPIase resulted in the finding that it was identical to cyclophilin A (CypA) (11, 12) . This 17-kDa protein had previously been named after its interaction with the undecapeptide cyclosporine (CsA), a natural product with immunosuppressive properties isolated from the fungus Trichoderma polysporum (13) (14) (15) . Coincidentally, another immunosuppressant secondary metabolite, the macrolide FK506, isolated from the soil bacterium Streptomyces tsukabensis, soon enabled the identification of the next representative of PPIases, which was named, accordingly, FK506 binding protein (FKBP) (16, 17) . These studies also confirmed that CypA and FKBP were distinct proteins with distinct ligand specificities, because FK506 and CsA did not inhibit the PPIase activities of CypA and FKBP, respectively. To this point, inhibitor specificity was one of the major discriminatory properties of different PPIase families and was decisive for the discovery of the third family of PPIases, which did not respond to CsA or FK506. A small protein of approximately 10 kDa was discovered and named parvulin (18) (19) (20) . Later it was shown that parvulins can be inhibited by the small 1,4-naphthoquinone derivative juglone (21) . Now, almost 30 years after their initial discovery, PPIases constitute a biochemically well-defined superfamily of proteins. However, in many instances, their cellular and physiological functions remain enigmatic. This is mainly due to the fact that despite their clear-cut enzymatic activity, which can be measured in established biochemical assays, many of the in vitro or in vivo observable phenotypes of mutants and PPIase-protein interactions seem to be independent of the enzymatic property. In many instances, deletion of the PPIase domain or diminishment of its activity by amino acid substitutions had no or little impact on protein-protein interactions and chaperoning activities (22) (23) (24) . Hence, the initial idea that PPIases are primarily facilitators of protein folding by specifically influencing the isomerization of peptidyl-prolyl bonds has now shifted to a broader interpretation of their cellular functions from acting as chaperones to being accessory proteins in multiprotein complexes. As such, they are involved in diverse processes, from signal transduction to gene regulation on the transcriptional and translational levels (1, 25) . Also, there are many reported deletion mutants which show no or very subtle phenotypic changes under laboratory conditions (26, 27) .
FIG 1 Conformations of peptide bonds. (A)
In almost all peptide bonds, the trans conformation is energetically favored because the steric hindrance between the side chains (R1 and R2) of the two consecutive amino acids is the lowest in this conformation. (B) In peptidyl-prolyl bonds, where the ␣-amino group is part of the side chain, and thus an imide peptide bond is formed, the difference in free energy of the two conformers is comparably smaller. Hence, about 5 to 6% of peptidyl-prolyl bonds are in cis conformation, and the isomerization rate, with half-lives ranging from seconds to minutes, is noticeably long (4, 295) .
In a seminal work in which 12 PPIases were deleted in Saccharomyces cerevisiae, no prominent effect could be observed (28) . Similarly, deletion of all known periplasmic PPIases of Yersinia pseudotuberculosis did not result in a measurable phenotype under laboratory growth conditions; however, the generated quadruple mutant was impaired during colonization of mice (29) . Thus, the contribution of PPIases to cellular physiology is thought to be very specific and dependent on growth conditions and the niche in which a cell resides.
GENERAL PROPERTIES OF PPIases AND THEIR ENZYMATIC ACTIVITIES
PPIases exert a very general enzymatic activity, and their phenotypic impact is experimentally difficult to define. But several characteristics of PPIases can be linked to their in vivo roles, as follows.
Composition of a Peptidyl-Prolyl Bond
Although not consequently approved for in vivo PPIase-protein interactions, peptide-based enzyme assays clearly show that not every peptidyl-prolyl bond is equally targeted and isomerized by a PPIase (30) . The amino acid preceding the proline (i.e., position P 1 ) is often crucial for the enzymatic activity and selectivity. Human FKBP12 (hFKBP12) preferentially isomerizes peptides containing a leucine or a phenylalanine residue at P 1 , whereas the bacterial homolog Mip of Legionella pneumophila, despite high conservation within the enzymatically active cavity, lacks the preference for leucine and can isomerize peptides with a lysine residue at P 1 comparably well (31) . Other examples of selectivity are the human parvulin Pin1 and its homologs in several pathogenic and nonpathogenic yeast species, which specifically recognize phosphotyrosine or phosphoserine residues at P 1 (32, 33) . Other than sequence specificity, steric accessibility of a peptidyl-prolyl bond is also a factor determining the action of PPIases (1, 34) .
Modular Structure
The smallest representatives of peptidyl-prolyl isomerases, e.g., the 12-kDa hFKBP12, the 18-kDa human CypA protein, and the 10-kDa parvulin from Escherichia coli, reveal only a single PPIase domain and are accordingly small. However, all three classes also have members that possess additional domains. The most common among these are tetratricopeptide repeats (TPR), which form ␣-helical bundles and contribute to the assembly of multiprotein complexes by mediating protein-protein interactions (35, 36) . Later, PPIases were found to contain the protein-protein interaction domains WD40 and RanBD1, as well as the RNA recognition motif RRM, zinc finger domains, and calcium-binding EF-hand motifs. These additional domains facilitate interactions with a multitude of partners and equip PPIases with chaperone activities (36, 37) . Some FKBPs have multiple PPIase domains, most probably due to gene duplication events (38, 39) . Recently, a novel type of PPIase (FCBP) which contains an FKBP and a cyclophilin domain was also discovered in protozoan parasites, such as Toxoplasma gondii, as well as in the bacteria Flavobacterium johnsonii and Treponema denticola. In the dual PPIase of T. gondii, both enzymatic domains are separated by three TPR domains. The exact in vivo role of this new type of isomerases and their distribution in nature still need to be explored (40, 41) .
The influence of the modularity of PPIases on their enzymatic properties was nicely demonstrated by combining the archetypical hFKBP12 with the chaperone domains of unrelated PPIases.
Upon fusion with the chaperone domain of SlyD, an FKBP of E. coli, hFKBP12 lost its specificity for leucine or phenyalanine residues on P 1 and was able to isomerize Lys-Pro, Ala-Pro, and Glu-Pro bonds equally well, and with high efficiency (42) . The same observation could be made even when chaperone domains of unrelated protein families, such as the protein disulfide isomerase (PDI) of yeast, the chaperonin GroEL, or parvulin SurA of E. coli, were used (43) .
Cellular Localization
Besides their modular architecture, the action of peptidyl-prolyl isomerases can be identified by their cellular localization. In eukaryotes, PPIases are located in the cytosol, nucleus, mitochondria, chloroplasts, or endoplasmic reticulum (ER), and they can even be secreted (36, (44) (45) (46) . In bacteria, PPIases can be divided roughly into soluble and membrane-bound subgroups. Soluble PPIases are either cytosolic or, in Gram-negative bacteria, periplasmic (47) . Among soluble PPIases, some, including the parvulins HP0175 of Helicobacter pylori and SurA of Brucella abortus, as well as two cyclophilins of Legionella pneumophila, PpiB (Lcy) and Lpg1962, are known to be secreted into the supernatant (48) (49) (50) . Membrane-bound bacterial PPIases can be facing the outside or the periplasm, depending on the membrane where they are anchored (51) (52) (53) (54) . Depending on their localization, PPIases have access to only a subset of proteins, by which their substrate spectrum is defined.
Differential Expression
An additional feature of PPIases that helps to determine their physiological role is their differential expression. In prokaryotes and eukaryotes, several PPIases are upregulated by stress factors, such as heat or cold shock, due to the accumulation of misfolded proteins under these conditions (49, (55) (56) (57) . Some others, such as the parvulin PrsA2 of the Gram-positive intestinal pathogen Listeria monocytogenes or the FKBP12 homolog of the plant-pathogenic fungus Botrytis cinerea, are upregulated during infection and significantly contribute to infection (58, 59) . Additionally, in metazoans, differential expression can also be regulated developmentally or be tissue specific. The ER-resident protein FKBP65, for example, is highly expressed during embryonic development, especially in the lungs. Its expression ceases during adulthood but increases after lung injury, as part of the repair process (60, 61) . Many FKBPs, although initially associated with immunomodulatory processes, were later found to be expressed at much higher degrees in brain tissue, with neuroprotective or neuroregenerative properties, and hence are considered important factors in neurological diseases (25, 62) . Differential expression in tissues and during development was also observed for plant PPIases, such as in the case of maize or wheat (56, 63) . All these data are indicative of the physiologic versatility of this protein family.
MICROBIAL PPIases
Bacterial PPIases
Exploration of eukaryotic PPIases has been driven mainly by their drug-related immunomodulatory properties, their potential in therapeutic applications, especially in transplantation medicine, and, later on, the neuroprotective action of mammalian FKBPs in neurodegenerative diseases (1, 25) . In contrast, research on bacterial PPIases has been concentrated more on the maturation of proteins during translation and secretion. Similarly, in eukaryotic systems, much research has been done to identify interaction partners within signal transduction pathways where PPIases seem to play pivotal roles (64, 65) . Interaction studies are rather scarce in cases where the general approach is more phenotype oriented, with the exception of studies of the cytosolic FKBP trigger factor (TF) and the periplasmic parvulin SurA in bacterial systems. But even in these two cases, the focus of research lies on protein folding during translation and secretion, respectively.
No major structural discrimination can be made between the enzymatic domains of eukaryotic and prokaryotic PPIases of the same family. Structural differences can, however, be found between the families (1, 36) . In general, PPIase domains are globular and comprised of 100 to 120 amino acids that form a central structure composed of ␤-folds (Fig. 2) . In FKBPs ( Fig. 2A) , this central structure is an amphipathic five-stranded ␤-sheet that wraps around an ␣-helix, forming a hydrophobic cavity where inhibitors and possible substrates bind (66) . In cyclophilins (Fig.  2B) , an eight-stranded antiparallel ␤-barrel is flanked by an ␣-helix on each side (67) . Finally, in parvulins (Fig. 2C) , the ␤-sheet core is surrounded by four ␣-helices (68) .
Representatives of all three families can be found to different extents in bacteria. In the genome of the Gram-negative model organism E. coli K-12, four FKBPs, two cyclophilins, and three parvulins are encoded. In contrast, the model organism of Grampositive bacteria, Bacillus subtilis, has one cyclophilin, two parvulins, and no FKBP-type PPIase except for TF (Table 1) . Considering that some of the additional PPIases in E. coli, i.e., FkpA, PpiA, and FklB, are periplasmic leads to the assumption that in Gramnegative bacteria the presence of the outer membrane and the additional compartment (periplasm) requires a larger repertoire of accessory folding proteins. Despite this high variation in the number of PPIases between single species, the presence of at least one is apparently of vital importance, as even the free-living bacterium with the smallest genome, Mycoplasma genitalium, possesses TF (69) .
TF is a modular protein with a central FKBP domain flanked by an N-terminal ribosome binding domain with chaperone activity and a C-terminal domain of unknown function (70) . It associates with ribosomes via its N-terminal domain, in a 1:1 ratio, whereby the association with nascent peptides lasts longer than the association with ribosomes, indicating that multiple TF proteins are involved in the maturation of newly formed proteins (24, 70) . Initially, this association was thought to be the indication for an ultimate physiological function of a PPIase, since during translation, nascent polypeptides exit the ribosomes unfolded, with great accessibility of isomerization-prone peptidyl-prolyl bonds. But although binding of the PPIase domain to nascent peptides could be demonstrated, this property was not dependent on the enzymatic activity (71) .
Further FKBPs in E. coli are the periplasmic FkpA and FklB proteins, both of which contain N-terminal dimerization domains, are known to be involved in the transport of some secreted proteins, and also act as chaperones (72) (73) (74) (75) . The cytoplasmic PPIase SlyD of Gram-negative bacteria consists of an N-terminal PPIase domain and a C-terminal nickel binding domain. Interestingly, in E. coli, SlyD mutations confer resistance toward the phage X174. Apart from that, in E. coli and Helicobacter pylori, SlyD is also involved in the maturation of nickel-containing hydrogenases independently of its PPIase activity (76) (77) (78) (79) .
Bacteria typically possess two cyclophilins: PpiA and -B. In Gram-negative bacteria, PpiA is periplasmic, whereas in Grampositive bacteria, it is associated with the cytoplasmic membrane facing the outside and involved in the transport of secreted proteins (47, 54, 80) . PpiB is a cytoplasmic PPIase and is upregulated in B. subtilis upon cold shock (81, 82) . Parvulins, including SurA in E. coli, PrsA in B. subtilis, and PrsA2 in L. monocytogenes, are some of the most investigated bacterial PPIases. SurA is a periplasmic protein central to the transport into and correct assembly of many ␤-barrel proteins in the outer membranes of Gram-negative bacteria (83) . It has a modular structure with one or two parvulin domains, depending on the bacterial species, as well as a longer N-and a shorter C-terminal chaperone domain. In E. coli, SurA has two domains with parvulin folds, among which only the C-terminal one has enzymatic activity. However, the PPIase domain is very often negligible for in vivo activity, and no major defects in outer membrane maturation can be observed in its absence (23) . In E. coli and many Gram-negative bacteria, there is also a second periplasmic parvulin, named PpiD (52) . Its sole parvulin domain seems to be devoid of PPIase activity, and its contribution to protein secretion remains difficult to disentangle (84) (85) (86) . PrsA can be considered the functional homolog of SurA in B. subtilis and other Gram-positive bacteria, since it is localized to the cytoplasmic membrane facing outside (19, (87) (88) (89) . Hence, it facilitates the maturation of secreted proteins. Since it is the only PPIase in the secretory pathway, PrsA is an essential protein in B. subtilis, in contrast to the case in L. monocytogenes, which has the additional membrane-localized parvulin PrsA2 (87, 90, 91) . Similar to the case of SurA, for B. subtilis PrsA the PPIase activity itself is dispensable for secretion and the majority of in vitro phenotypes, as shown for PPIase-negative single amino acid mutants. However, interestingly enough, the PPIase domain still seems to be important for full action, since deletion of the parvulin domain prevented the secretion of the alpha-amylase AmyQ (87) .
PPIases of Parasitic Protozoa
The extent of knowledge about PPIases in protozoa is more limited than that for metazoans. In protozoa, the main focus of research regarding PPIases lies on the human-pathogenic species. This was also driven by the observation that CsA and FK506 have antiparasitic properties (92) (93) (94) . Accordingly, the first characterized protozoan PPIases were cyclophilins of Toxoplasma gondii and Plasmodium falciparum (95) (96) (97) . As a matter of fact, most of the characterized protozoal PPIases are cyclophilins, while FKBPs and parvulins are less represented in the literature.
An extensive in silico genome survey revealed that apicomplexans possess large numbers of cyclophilins (from 7 in Cryptosporidium to 15 in Toxoplasma), which are diverse in their cellular localization and domain composition (41) . All seven cyclophilins of Cryptosporidium hominis have homologs in T. gondii or P. falciparum. Interestingly, among the analyzed organisms, the diarrhea-causing species C. hominis has the simplest infection cycle. Infected individuals release fastidious oocysts into the environment that are then taken up via food or drinking water. Theileria parva and Babesia bovis, both of which are parasites of cattle, are transmitted by insect vectors to their final hosts, and each carries 10 cyclophilins and one hybrid protein containing FKBP and cyclophilin (FCBP) domains. Finally, P. falciparum and T. gondii possess the most complicated infection cycles, with either broadtissue tropism in the respective host, as in the case of the blood and liver stages of P. falciparum (11 cyclophilins), or a higher diversity in intermediate hosts, as in the case of T. gondii (14 cyclophilins and 1 FCBP). Accordingly, it can be speculated that the occurrence of additional cyclophilins in a parasite may reflect the complexity of the corresponding life cycle.
Understandably, this diversity is far from being explored to its fullest extent, and details about physiological functions, roles during infection, and parasite infection cycles are known for only a very few representatives. For example, 8 of the 11 putative cyclophilins and cyclophilin-like proteins of P. falciparum were analyzed after recombinant production. Only two of those, P. falciparum Cyp19A (PfCyp19A) and PfCyp19B, bound CsA and displayed in vitro PPIase activity, while all had chaperone functions preventing thermal aggregation of the model protein substrates rhodanese and citrate synthase (98, 99) . This alone can be taken as an indication of the unexplored functional diversity of cyclophilins in parasitic protozoa, depending on their developmental or infection cycle stage.
Among the 15 putative cyclophilins of T. gondii, Cyp18 (TgCyp18), with an approximate molecular mass of 18 kDa, is the only one that has been examined in detail so far. It is secreted by infectious tachyzoites into the culture supernatant and was identified as an inducer of interleukin-12 (IL-12) production by dendritic cells. This induction was due to the interaction of TgCyp18 with cysteine-cysteine chemokine receptor 5 (CCR5) and was inhibited by the addition of CsA (100) . Nevertheless, the direct involvement of the PPIase activity in this interaction was considered rather unlikely, because this effect could not be reproduced when human or plasmodial cyclophilin homologs were used. A follow-up study with site-directed amino acid substitutions revealed that binding to CCR5 was independent of the PPIase activity, since only mutants with substitutions at the N-and C-terminal parts of the protein were affected. Curiously, mutants with diminished PPIase activity failed to induce IL-12 production by dendritic cells (101) . However, how the PPIase activity itself contributes to IL-12 production is still not clear. A possible explanation is that additional secreted TgCyp18-specific substrates of T. gondii contribute to the induction of IL-12 production. Inhibition by CsA may also be due to structural changes in TgCyp18 caused by binding of the drug (100) . The decoupling of IL-12 production from CCR5 binding and the fact that TgCyp18 was not able to induce IL-12 production in neutrophils also suggest that T. gondii has multiple immunomodulatory mechanisms that are complementary to each other (102) .
A similar immunomodulatory effect was also observed in the case of a secreted 19-kDa cyclophilin of the coccidian parasite Neospora caninum, which causes spontaneous abortions in canids and cattle. N. caninum Cyp (NcCyp) has 86% sequence similarity to TgCyp18 and is able to elicit a gamma interferon (IFN-␥) response in peripheral blood monocytes and CD4 ϩ T cells. These effects could be inhibited by CsA in a dose-dependent manner. But, again, whether this was due to the inhibition of the enzymatic activity or to overall structural changes in the protein-drug complex is not known (103) . As in N. caninum, TgCyp18 homologs are present in all analyzed apicomplexan organisms (41), but whether they contribute to the infection cycles of the respective parasites needs further experimental evaluation, as is the case for all the remaining members of the cyclophilin protein family.
In this respect, three different groups of cyclophilins, as identified by Krücken et al. (41) , may be extremely interesting for future antiparasitic therapy strategies ( Table 2 ). The first group is the small apicomplexan-specific cyclophilins, which seem to be present in all genera except Cryptosporidium (41) . Although these PPIases segregate clearly in a phylogenetic analysis and have no mammalian orthologs, their monophylogeny is still questionable.
All identified representatives are predicted to be cytoplasmic, except for TgCyp38, which possesses an N-terminal mitochondrial targeting signal. Among the cytosolic members, some, such as Cyp20 of T. parva (TpCyp20), consist of a sole PPIase domain, while PfCyp26 and B. bovis Cyp28 (BbCyp28) have C-terminal extensions with no homologous sequences in current databases (41) . The second group consists of cyclophilins with an N-terminal apicoplast-targeting signal, as found in the genus Theileria. The apicoplast, together with the single mitochondrion, contributes to the specific metabolic needs of apicomplexan parasites, depending on the host niche to which they are adapted (104) . It is puzzling that this group is currently restricted to one genus, despite the central role of this organelle. One explanation for this may be that the algorithms searching for transport signals are optimized for P. falciparum (41) . The third group contains Plasmodium-specific large cyclophilins with multiple nuclear localization signals and coiled-coil protein interaction domains, which suggests that they might be involved in RNA processing. Single representatives of this group were identified in P. falciparum and its close relative Plasmodium yoelii (41) .
Cyclophilins are also highly represented in trypanosomal parasites, as exemplified by the agent of Chagas disease, Trypanosoma cruzi, whose genome encodes 15 paralogs of this family, in the mass range of 19 to 110 kDa. While orthologs in other genomes could be identified for eight of the genes, the sequence diversity of the remaining seven was too high, preventing a solid classification (105) . Although the smallest representative in T. cruzi, Cyp19, and its homolog in other Tryponosoma species, CypA, have been expressed recombinantly and characterized enzymatically, not many biological functions have been described (106) (107) (108) .
In trypanomastoid parasites of the genus Leishmania, the main cyclophilin is the homolog of CypA and has a molecular mass of approximately 18 kDa. LmCypA, the CypA protein of Leishmania major, which causes cutaneous lesions after replicating in macrophages and dendritic cells, also responds to CsA, but the parasites are extracellularly more resistant to CsA than others. The reason for this was found to be an arginine-to-asparagine substitution at the calcineurin docking site in LmCypA, which is crucial for the interaction when the protein is in complex with CsA (109) . Hence, the antileishmanial activity of CsA observed in mice or in in vitro macrophage infections is due to the inhibition of host calcineurin (110) . In addition, in Leishmania donovani, the pathogen causing visceral leishmaniasis, the unusually low cytosolic concentration of L. donovani Cyp (LdCyp) is thought to be a reason for increased CsA tolerance (111) . Apart from this, biological functions appointed to LdCyp include the disaggregation and reactivation of adenosine kinase, a crucial enzyme of purine metabolism and a key to parasite differentiation processes (112, 113) . However, this function is not sensitive to CsA and is independent of the PPIase activity (114) .
In Entamoeba histolytica, the causative agent of amoebal diarrhea, a CsA-responsive cyclophilin could be isolated and biochemically analyzed (115) . Also, a PPIase, which was not further characterized, was upregulated in trophozoites of E. histolytica after a 2-h exposure to oxygen stress (116) . Since E. histolytica is an obligate anaerobe that prevails in the environment in the form of stress-resistant and infective cysts, the upregulated PPIase might be an important factor for adaptation to hostile conditions during the infection cycle, hence representing a relevant virulence factor.
In contrast to the case for cyclophilins, the numbers of identified and analyzed FKBPs and parvulins in protozoan parasites are small. The only FKBPs analyzed in detail are PfFKBP35 of P. falciparum and Plasmodium vivax FKBP35 (PvFKBP35) (117) (118) (119) . FKBP35 contains, in addition to its PPIase domain, a TPR domain, which facilitates interaction with Hsp90. It can inhibit plasmodial calcineurin without FK506, which is unique within this family of proteins (117) . However, no strong colocalization of FKBP35 with calcineurin could be observed in cells (118) . FKBP35 seems to be shuttled between the nucleus and the cytoplasm in a stage-dependent manner. While in the ring stage it is localized mainly to the cytosol, in the trophozoite and schizont stages it is translocated into the nucleus. Interestingly, in the last two stages, the concentration of calcineurin in the cytoplasm increases measurably. This differential localization of the two proteins probably prevents an inhibitory action of FKBP35 on calcineurin (118) . While FKBP35 seems to be the only PPIase in P. falciparum, in the other important human plasmodial pathogen, P. vivax, a second representative of this family, FKBP25, was recently identified. This PPIase is predicted to be nuclear and contains, in contrast to human FKBP25, a calmodulin binding domain (120) . The first identified parvulin-like protein was an immunodominant antigen of T. gondii, TgMIC5, which was localized in the secretory organelle (microneme) of the infectious tachyzoites (121) . It was shown to be secreted into the surrounding medium. Although TgMIC5 seems to be involved in the maturation of other surface proteins by facilitating their proteolysis, the type of involvement of the parvulin-like domain in those processes is not clear (122, 123) . Besides that protein, TcPin1 and TcPar45 of T. cruzi, as well as their homologs TbPin1 and TbPar42 of Trypanosoma brucei, are the only parvulins described for protozoan parasites (124) (125) (126) (127) . TcPin1 is able to complement the temperaturerelated phenotypes of its homolog Ess1 in S. cerevisiae, suggesting similar physiological functions (124) . Interestingly, unlike its metazoan homologs, Pin1 is localized in the cytoplasm and not in the nucleus. Knocking down pin1 by RNA interference (RNAi) had no detrimental effects on cell proliferation. Accordingly, it was speculated that Pin1 of T. cruzi might participate in signaling mechanisms in protozoan parasites that are different from those in metazoans (126) . The 45-kDa protein TcPar45 displayed more similarities to human Par14, since it was located in the nucleus and did not isomerize Glu-Pro bonds. RNAi knockdowns of TcPar45 and TbPar42 resulted in growth defects in procyclic parasites (125, 127) . For TbPar42, a preference for peptides containing phosphorylated serine or threonine residues preceding the target proline could be proven, which is also known for other parvulins (127, 128) .
PPIases IN VIRULENCE
Bacterial PPIases in Virulence
The role of PPIases during pathogenic processes and their contribution to the virulence of bacteria and protozoa are still not fully understood. Research on bacterial virulence-associated PPIases focuses mainly on periplasmic or membrane-bound PPIases. Also, many studies attribute a rather secondary role in virulence to PPIases, mostly caused by improper folding or secretion of virulence factors, such as adhesins or degradative enzymes, in the absence of a PPIase (83, (129) (130) (131) (132) . Again, typical representatives of PPIases with rather accessory roles in virulence are the periplasmic parvulin SurA and the cytoplasmic FKBP TF.
The involvement of SurA in pathogenic processes was analyzed most extensively in the Enterobacteriaceae (83) . Being a key player in periplasmic transport, together with the chaperones DegP and DnaK as well as the ␤-barrel assembly (BAM) complex, SurA facilitates the correct assembly of many outer membrane proteins (OMPs), including outer membrane protein A (OmpA), type I pilus components, the maltose transporter (LamB), and the two siderophore receptors FhuA and FecA, which are known virulence factors (133) (134) (135) . A reduction in type I pilus assembly in the ⌬surA mutant of uropathogenic E. coli (UPEC) results in decreased invasion of bladder cells. Furthermore, after invasion, the bacterium cannot form intracellular bacterial colonies, a hallmark of persistent infection (133, 136) . Fimbriae of UPEC are translocated by the chaperone-usher mechanism, where the usher facilitating the transport of the pilin subunit across the outer membrane is a ␤-barrel protein, such as FimD in the case of type I fimbriae (137) . Accordingly, the folding and assembly of FimD were shown to be dependent on SurA together with BamB, a nonessential component of the BAM complex (138) . In enteropathogenic E. coli (EPEC), the secretion of the major adhesin, intimin, depends on SurA, as deletion of surA results in a 4-fold decrease in surface exposure of intimin. Hereby, SurA mediates the insertion of the N-terminal ␤-barrel domain into the outer membrane, in concert with the BAM complex and the Skp-DegP chaperoneprotease system (139) . However, at least in UPEC, the PPIase domains of SurA are negligible for the in vitro pleiotropic effects (140) .
Yersinia pseudotuberculosis causes self-limiting gastrointestinal disorders. Host colonization is mediated by several adhesins on the cell surface. The assembly of one of these, the invasin, is strongly dependent on chaperone and PPIase activities of SurA, since complementation of surA deletion with chaperone or PPIase domains only could not entirely restore this deficiency (141) . This study is also interesting because it points to the fact that in the absence of SurA, major OMPs, such as OmpF, or components of the BAM complex, i.e., BamA, -C, and -E, are affected in their targeting to the outer membrane. Considering that OMPs stabilize the outer membrane and the BAM complex is central to translocation of many ␤-barrel proteins, SurA can be considered crucially important to bacterial transport processes and cell integrity. In the enteropathogenic organism Salmonella enterica serovar Enteritidis, SurA affects the expression of OMPs without influencing the amounts of secreted substrates of the type III secretion system, the main virulence determinant (142) . In Shigella flexneri, deletion of surA causes a defect in the correct localization of IcsA, which facilitates the polymerization of actin at the bacterial pole so that the bacterium can use the actin tail for intercellular spread (130) .
An interesting finding regarding SurA-mediated transport comes from the plant pathogen Dickeya dadantii, which has a broad host spectrum. In the economically important crop potato, it causes soft rot disease due to maceration of host tissue by degrading enzymes (143) . One such enzyme is the pectin-degrading lyase PnlH, which is targeted to the outer membrane after Tatmediated translocation into the periplasm. PnlH is devoid of a ␤-barrel structure typical for OMPs or an acylation signal. Its targeting to the outer membrane was instead shown to be dependent on its highly hydrophobic N-terminal signal sequence, which most probably is recognized by SurA and, by this, protected from degradation (144) . The authors of that study showed that the chaperone activity of SurA is not restricted to ␤-barrel proteins.
Parvulins have also been described for further Gram-negative pathogens in the context of virulence. One of these is HP0175, which was isolated from the culture supernatants of in vitrogrown Helicobacter pylori, an epsilonproteobacterium that causes chronic gastritis and is widely distributed among humans. Interestingly, this secreted PPIase is also one of the five immunodominant antigens detected in gastroduodenal ulcers (48) . As shown in a follow-up study, HP0175 induces apoptosis in the gastric epithelial cell line AGS by binding to Toll-like receptor 4 (TLR4) on the cell surface and, by this, activating ASK1, a kinase upstream of mitogen-activated protein (MAP) kinase (145) . This PPIase is of particular interest not only because it is one of the few reported soluble extracellular bacterial PPIases but also because, together with Mip, it is the only PPIase with a reported eukaryotic binding partner. Thus, further evaluation of the interaction mechanisms of HP0175 with TLR4 will help our understanding of the mecha-nisms of this chronic disease with high prevalence in the human population.
The search for binding partners of filamentous hemagglutinin, the main adhesin of the betaproteobacterium Bordetella pertussis, which causes whooping cough, led to the identification of Par27, a novel type of parvulin, by affinity chromatography (146) . In contrast to other parvulins, Par27 possesses atypical N-and C-terminal extensions that surround the PPIase domain, confer structural flexibility to the protein, and allow dimerization (147) . It was shown that Par27 has PPIase and chaperone activities, which probably have pleiotropic effects on virulence by facilitating secretion processes in the periplasm (146) . A homolog of Par27, in contrast, was discovered in the periplasm of the epsilonproteobacterium and intestinal pathogen Campylobacter jejuni and was named PEB4, without any further implication for virulence (148) .
The functional homolog of SurA of Gram-negative bacteria is PrsA of Gram-positive bacteria, which is associated with the membrane, reaching into the compartment between the cell membrane and the peptidoglycan wall. In contrast to the nonpathogenic species B. subtilis, L. monocytogenes possesses two PrsA-like parvulins, among which PrsA2 (lmo2219) is virulence related and under the control of the global virulence gene regulator PrfA (59, 90) . PrsA2-related pathogenic properties include, among others, hemolytic activity, flagellation, lecithinase activity, cell-to-cell spreading, and, eventually, virulence in the mouse model (149, 150) . Similar to the case with SurA, all the measured in vitro phenotypes were not dependent on the presence of the PPIase domain. However, it is interesting that in mouse infections, a functional PPIase domain was needed in order to regain full virulence in the complemented deletion strain (151) .
Streptococcus pneumoniae has, alongside the parvulin PpmA, the cyclophilin SlrA, both of which are surface-exposed lipoproteins (152, 153) . Although they belong to different protein families, the achieved phenotypes of the single knockout mutants of these proteins are astonishingly similar. For both mutants, adherence to epithelial and endothelial cells was significantly reduced, while the uptake by macrophages was increased, which resulted in a significant colonization deficiency in murine pneumonia models (129, 154) . For none of the proteins could a direct binding to host cells or selected extracellular matrix (ECM) components be demonstrated, which suggests the indirect influence of these proteins on as yet unknown bacterial adhesins. For PpmA, it was shown that PPIase activity had no effect on the deficiencies, thus making the contributions of these proteins to pathogenicity less interpretable. However, the answer to the increased bacterial clearance by phagocytes in the absence of PpmA and SlrA, in particular, might be derived from observations made with PpiA, the homolog of SlrA in Streptococcus mutans. Like the case for the ⌬slrA mutant, deleting ppiA increased the phagocytosis of bacteria and was found to be due to the upregulation of the macrophagespecific phagocytic receptor MARCO (80) . Although this upregulation was not via the typical route of TLR2 activation and PpiA is supposedly not the direct ligand for MARCO, this finding certainly narrows the possible mechanistic explanations for an important immune evasion mechanism of streptococci.
Interestingly, all the current virulence-related reports on TF are from Gram-positive pathogens. The deletion of the TF homolog RopA in Streptococcus mutans, a pathogen associated with dental caries, resulted in the differential expression of about 33 proteins, with 22 being up-and 11 downregulated. Among the upregulated proteins were the general chaperones DnaK, GroEL, and GroES, indicating that the bacterium attempts to compensate for the loss of the chaperone activity of TF. In contrast, several glycosyltransferase genes responsible for the production of glucans which mediate cell-cell and cell-surface adhesion were downregulated. Accordingly, a decrease in in vitro biofilm formation was observed when glucose was used as the sole carbon source. In addition, further virulence traits, such as genetic competence as well as acid and peroxide tolerance, suffered by the deletion of ropA (155) .
The secreted cysteine proteinase (SCP) of Streptococcus pyogenes, also known as streptococcal pyogenic exotoxin B (SpeB), with diverse implications in the extracellular virulence of this pathogen, was shown to be dependent on a functional RopA protein for its secretion and processing (156) . While in other trigger factors the PPIase activity was shown to play a rather marginal role, in RopA a clear relationship between the PPIase activity and the generation of active SpeB could be shown. The proline residue at position 78 of SpeB resembles the target of RopA (157) . In Streptococcus suis, mainly an animal and, occasionally, human pathogen, TF deficiency resulted in the suppression of many virulence genes. Along with this, several virulence phenotypes, including adherence to host cells, hemolytic activity, resistance to several stress factors, and virulence in the CD1 mouse infection model, also diminished (158) . In L. monocytogenes, the deletion of TF negatively affected the tolerance of the bacterium toward heat and ethanol, as well as its persistence in the organs of infected mice. However, the exact mechanisms behind these phenotypes are still not known, and as in the previous examples, a rather indirect contribution of TF is most likely (159) .
Protozoan PPIases in Virulence
The mode of action of PPIases of parasitic protozoa during infectious processes is, in many instances, insufficiently described. This is also related to the fact that very few PPIases have been analyzed in detail, as in, for example, the case of apicomplexan cyclophilins, where a large variety has been detected in every analyzed species. Besides being primary actors of host-parasite interactions, PPIases are certainly essential, as shown for leishmanial cyclophilins, for the development and differentiation of parasitic protozoans, which show a high degree of plasticity in their cellular organization and metabolic status during their infection cycles (160) . In the following, the most prominent examples of virulence-associated phenotypes of PPIases of parasitic protozoa are depicted.
In T. gondii, TgCyp18 was shown to be responsible for activation of dendritic cells via the receptor CCR5. While binding does not seem to be dependent on the PPIase domain of TgCyp18, the induction of IL-12 production partly requires a functional PPIase active site (101) . In addition, the interpretation of the immunomodulatory effect in the context of Toxoplasma infection is debatable. On the one hand, TgCyp18 leads to the activation of dendritic cells and macrophages, which produce the proinflammatory signals IL-12, tumor necrosis factor alpha (TNF-␣), nitric oxide, and IL-6 and prime the host for defense. On the other hand, the parasite adapts to this by differentiating from tachyzoites into bradyzoites (161) . Apart from this, TgCyp18 at high concentrations enhances the proliferation of macrophages and spleen cells, in a CCR5-independent manner, while the migration of these cells toward the infection site is dependent on the interaction between CCR5 and TgCyp18 (162) .
The transition of T. cruzi from replicating, noninfectious epi-mastigotes to the infective, metacyclic form is crucial for transmission from its insect vector to mammalian hosts. In a recent study, it was shown that cationic antimicrobial peptides (CAMPs), part of the innate defense system of the reduviid bug vector of T. cruzi, can stimulate this transition rather than having an antiparasitic action. Intriguingly, this activation is dependent on the presence of the secreted cyclophilin Cyp19 of the parasite (163) . For their study, the authors focused on the model CAMP P6, which is the biologically active N-terminal part of trialysin of Triatoma infestans. P6 is 32 amino acids long and contains a single proline residue as a potential target for Cyp19. Replacing this proline with alanine abolished the binding of Cyp19 as well as the activation of the parasitic transition and, in contrast, restored the antiparasitic activity of P6 on T. cruzi. The authors were also able to show that Cyp19 and P6 in concert are able to activate the calcium-dependent phosphatase calcineurin, by an as yet unknown mechanism, and thereby increase the infectivity of the parasites. Moreover, the activating and protective effects of the Cyp19-P6 complex could be transferred successfully to L. major and Leishmania amazonensis strains when conditioned medium of either species was used, indicating that these are general virulence mechanisms of trypanosomatid parasites (163) . It is still an open question whether the binding of Cyp19 to P6 or other proline-containing CAMPs resembles a simple receptor-ligand interaction mediated by a proline residue or whether the PPIase activity contributes to neutralization of P6 by isomerizing it from an active to an inactive form. Also, the mode of action of the proposed Cyp19-P6 complex and whether it is recognized by a cognate receptor on the parasite membrane are not yet known.
Host PPIases Implicated in Microbial Disease
Not only are infectious processes influenced by PPIases of pathogenic organisms, but PPIases of the host may also participate in the development of the disease. The most prominent group of infection-related host PPIases are, again, the cyclophilins. The earliest observation of a cyclophilin in an infection-related process was made in lipopolysaccharide (LPS)-stimulated RAW264.7 murine macrophages. Cyclophilin A accumulated in the culture supernatant of these cells, and it promoted an in vivo inflammatory response and in vitro chemotactic activity in peripheral blood mononuclear cells and monocytes (164) . Although this process was CsA sensitive, the direct involvement of the PPIase activity has still not been proved. Later studies showed that extracellular CypB can also have similar effects and that both proteins elicit these effects by binding to the ubiquitous surface protein CD147 via their heparan binding domains (165) (166) (167) . As mentioned before, during infection, many parasites secrete cyclophilins which exert proinflammatory and chemotactic activities on host cells. However, at least for L. major, molecular mimicry could be excluded, since no direct interaction between CD147 and LmCypA could be observed due to the absence of heparin binding domains in this protein, indicating that cyclophilins may act by different means (168) .
The main focus of research on host cyclophilins and infection certainly lies on viruses, because of the early discovery that human CypA and CypB bind the capsid protein of HIV-1 (169) . Although observations were also made that extracellular CypA may mediate binding of virus particles to cellular receptors on CD4 ϩ cells (164) , the majority of the research points to an intracellular role of cyclophilins during viral infections. Accordingly, for many pathogens, including vesicular stomatitis virus, influenza A virus, hepatitis C virus, Japanese encephalitis virus, severe acute respiratory syndrome (SARS) coronavirus, human cytomegalovirus, and rotavirus, host cyclophilins were proven to be important for efficient infection (170) (171) (172) (173) (174) (175) (176) . The literature on this topic was recently reviewed elsewhere in detail, and hence, in the following, only key points of these interactions, with several examples, are provided (177, 178) .
In HIV-1, binding of CypA to three Gly-Pro sites, at amino acids 90, 157, and 224, could be seen, among which the first one seemed to be the primary interaction site. Binding of CypA and -B to the capsid protein p24 was about 10-fold better after maturational cleavage by the viral protease. It was concluded that CypA may promote capsid disassembly after host infection (179) . Binding of capsid protein by CypA was further shown to protect the virus from the host restriction factor Ref-1 in humans. In nonhuman primate cells, however, the interaction between CypA and capsid protein leads to restriction, explaining the host specificity (180, 181) . While CypA interaction is dependent on peptidylprolyl sites in the capsid and is susceptible to CsA, control of infection by restriction is dependent on the presence of a histidine residue at position 87 (182) . Although CypA causes conformational changes in the premature capsid protein, this activity is not PPIase dependent and is mediated by two cysteine residues, at positions 198 and 218 (183) . All these observations point to intricate and multilayered roles of CypA in the infection process of HIV-1. Capsid association of host cyclophilins was also observed for many of the aforementioned viruses. Most interestingly, the newly discovered giant virus mimivirus, a parasite of free-living amoeba, encodes a cyclophilin without measurable PPIase activity that localizes to the surface of the mature virion (184) .
Another HIV-1 protein binding to a host PPIase is the viral integrase, which catalyzes the recombination of the cDNA genome of the virus with the host genome. The viral integrase is first phosphorylated by the host kinase Jun N-terminal protein kinase (JNK), at a conserved serine residue, after which it is recognized by the human parvulin Pin1 and changes its conformation. This stabilizes the integrase and increases HIV-1 integration into the host genome (185) . Pin1 also interacts with the catalytic subunit of the DNA polymerase of Epstein-Barr virus. This interaction is dependent on the phosphorylation of a threonine residue and improves replication of viral DNA (186) .
The first interaction between a bacterial effector and a host PPIase was shown for the plant-pathogenic species Agrobacterium tumefaciens. This bacterium transforms its host by translocating a nucleoprotein complex into the cytosol via its type IV secretion system. This complex consists of a single-stranded DNA and the covalently bound endonuclease VirD2. Using a yeast two-hybrid system, three Arabidopsis cyclophilins, CYPA, ROC1, and ROC4, were identified. This interaction could be verified at the protein level, and a distinct domain in VirD2 could be spotted as important for cyclophilin binding. The interactions were sensitive to CsA treatment, which also inhibited the transformation of the host cells with the T complex. However, a detailed analysis of this interaction and the role of the PPIase activity was not performed (187) .
For Pseudomonas syringae, with its 28 pathovars probably the most important plant pathogen (143) , it was shown that a host cyclophilin is essential for activation of the cysteine protease AvrRpt2 (188) . This bacterial effector is secreted in an unfolded and inactive state into the plant cell cytoplasm by a type III secretion system. After its translocation, AvrRpt2 mounts a hypersensitive response in Arabidopsis thaliana, via the host resistance protein RPS2. This is due to the proteolytic cleavage of another host protein, RIN4, by AvrRpt2 (189). Degraded RIN4 is then recognized by RPS2 (189, 190) . Transition of AvrRpt2 from an inactive to an autoproteolytic and active state requires eukaryotic cyclophilins, such as CRP1 of S. cerevisiae and ROC1 of A. thaliana, which are homologs of human Cyp18 (188) . Systematic analysis conducted by employing site-directed amino acid substitutions revealed that all four probable cyclophilin target sites with the consensus sequence Gly-Pro-Xaa-Leu are important for binding of ROC1 and subsequent activation (191) . Interestingly, three of these sites surround the catalytic triad of Cys122, His208, and Asp226. Hence, it was proposed that ROC1 serves as a molecular switch that isomerizes the prolines from trans to cis conformation and, by this, activates AvrRpt2 (191) . However, not only the activation of AvrRpt2 but also its proteolytic activity in general seems to be dependent on the presence of a eukaryotic cyclophilin, as shown for autoprocessed AvrRpt (192) . Besides these nice studies, recent reports indicate that plant PPIases are crucial actors of plant immunity and infectious processes, and these areas deserve further examination. For example, overexpression of GhCyp1 of the cotton plant in tobacco resulted in increased salt tolerance and resistance toward P. syringae pv. tabaci (193) . In line with this, in A. thaliana, deletion of the cyclophilins AtCYP19 and AtCYP57, as well as the FKBP AtFKBP65, led to increased susceptibility toward P. syringae. Also, expression of these genes at sites of infection could be demonstrated to be linked to additional defense reactions, such as production of reactive oxygen species or callose accumulation (194) .
Pseudomonas aeruginosa exoenzyme S, a type III secretion system effector with GTPase and ADP-ribosyltransferase activities, was shown to ADP-ribosylate host cyclophilins at distinct arginine residues. This had a moderate effect on the PPIase activity of these proteins but efficiently inhibited the interaction with calcineurin, explaining its effects on host signaling processes (195) . Another exotoxin that interacts with a host PPIase is leukotoxin (LKT) of Mannheimia haemolytica, the causative agent of fibrinous and necrotizing pleuropneumonia in cattle. LKT binds to mitochondrial CypD of bovine cells, which results in its enrichment in the mitochondrial matrix. CypD is a core protein of the mitochondrial permeability transition pore (mPTP), together with adenine nucleotide translocase (ANT). In case of stress or Ca 2ϩ overload, mPTP is activated by CypD in a PPIase-dependent way, which results in mitochondrial swelling, loss of membrane potential, and, eventually, necrotic or apoptotic cell death (196, 197) . Accordingly, LKT most probably induces cell death by disturbing mitochondrial homeostasis after binding to CypD and activating mPTP, but the details of the molecular interactions still need to be explored (196, 198) .
Involvement of host CypD was also shown in Shigella-infected nonmyeloid cells, which were killed after induction of mitochondrial damage by necrotic cell death. Shigella flexneri, a facultative intracellular pathogen and the causative agent of dysentery, activates prosurvival mechanisms in the host cell via Nod1 and NF-B signaling. In the absence of Nod1, however, infection with Shigella induces necrosis by the activation of mPTP, which can be inhibited by CsA. In this case, no direct interaction between a bacterial effector and host CypD was reported (199) . These reports show that CypD, being a central regulator of mitochondrial integrity, can influence the outcome of infections caused by intra-or extracellular pathogens by several possible ways, and it might be an interesting target for developing novel strategies of treatment.
An interesting aspect of host PPIase-mediated disease progression was uncovered when translocation of bacterial binary toxins was studied. Typically, these toxins consist of a receptor subunit which binds to host cells and triggers the uptake of the binary toxin complex into the host cell by endocytosis. Upon acidification of the endosome during endosome maturation, the receptor domain is activated and forms a pore for the translocation of the enzymatically active subunit into the cytosol. This translocated subunit then modifies host proteins and exerts the actual toxic activity (200) . In initial studies, a protective effect of CsA on intoxication by the experimentally constructed chimeric toxin LF N DTA could be observed (201) . This chimera consists of the lethal factor (LF; a metalloproteinase of MAP kinase kinases) of Bacillus anthracis and the A subunit of diphtheria toxin (DTA; an ADP-ribosyltransferase) of Corynebacterium diphtheriae. Intriguingly, CsA was not able to exert its protective effect on LF, and only DTA, not LF, was able to bind to immobilized CypA (201) . DTA is the enzymatically active subunit of diphtheria toxin, which belongs to the group of bacterial binary toxins. In accordance with this, the translocation of the enzymatically active subunits of other binary toxins, such as botulinum toxin of Clostridium botulinum, CDT of Clostridium difficile, and iota toxin of Clostridium perfringens, was shown to be facilitated by host CypA (202) . By using the C2I subunit of botulinum toxin in coprecipitation experiments, FKBP51 was identified as a further PPIase capable of binding binary toxins and promoting their translocation into the cytosol. While FK506 was able to delay the intoxication of the cells by binary toxins, it could not protect the cells against the large Rhoglucosylating toxin of C. difficile, again indicating that the PPIase involvement is specific to binary toxins (203) . It is certainly of major interest whether host PPIases facilitate the translocation of these proteins via their enzymatic activity or, rather, their chaperone-like interaction.
Mip-LIKE PPIases-A SPECIAL CLASS OF VIRULENCE FACTORS
Generally speaking, Mip-like PPIases are virulence-associated, secreted, and, typically, outer membrane-localized FKBPs of Gramnegative bacteria. They are widely distributed among Gram-negative pathogens, but in the majority of cases, only the presence of a Mip-like PPIase and its immunogenic character are reported, whereas the mechanism of action remains unexplored (Table 3) .
Due to its first description in L. pneumophila and its connection to virulence, the distribution of Mip was of primary interest, and the mip gene was found to be ubiquitously present in the genus Legionella. This led to the employment of the mip gene as a molecular marker for differential detection of Legionella species in environmental and patient samples, in a method which is still valid (204) (205) (206) . In addition, Mip was analyzed under the aspect of virulence only in the two other Legionella species relevant to human disease. For Legionella micdadei, deleting mip decreased the viability of bacteria in the initial hours of infection in the amoeba Hartmanella vermiformis and in U937 macrophage-like cells, though an attachment defect cannot be excluded in the case of U937 cells (207) . In Legionella longbeachae, the dominant causative agent of Legionnaires' disease in Australia, similar effects were observed in the natural host amoeba Acanthamoeba castellanii and in the macrophage cell line HL-60. Additionally, the isogenic deletion mutant was drastically attenuated in the guinea pig infection model (208, 209) . A Mip protein was also identified and cloned from Coxiella burnetii, another intracellular pathogen and a close relative of L. pneumophila, by the cross-reaction of polyclonal anti-Mip antibodies toward a genomic library (210) . However, the contribution to virulence was not evaluated.
Several Mip-like PPIases were also identified in the obligate intracellular pathogens of the genera Chlamydia and Chlamydophila (211) (212) (213) (214) . The first reported among these, the Mip protein of Chlamydia trachomatis, is a lipoprotein which is mainly present on elementary bodies (215, 216) . Its PPIase activity is needed for full virulence, since preincubating bacteria with FK506 resulted in irregularities during inclusion body formation inside the host cell (217) . A similar observation was made for the Mip protein of Chlamydophila pneumoniae, for which surface localization on inclusion bodies and preferential secretion from 48 to 72 h postinfection were demonstrated by immunofluorescence (213) . Surface-exposed Mip-like proteins are also present in the important human pathogens Neisseria gonorrhoeae and Neisseria meningitidis. In the case of the sexually transmitted organism N. gonorrhoeae, N. gonorrhoeae Mip (NgMip) is involved in persistence in macrophages (218) . For N. meningitidis, which is the main cause of meningitis in children under the age of 3 years and is endemic in sub-Saharan Africa, N. meningitidis Mip (NmMip) is important for survival of bacteria in the blood (219) . Recombinant NmMip induced serum bactericidal activity that provided protection against different serogroups due to its high degree of sequence conservation. By this, NmMip meets one of the most important criteria for development of a global meningococcal vaccine, which is hampered mostly by the huge level of antigenic diversity of the different N. meningitidis serogroups (220) .
Further Mip-like PPIases were characterized in the periodontal pathogen Aggregatibacter actinomycetemcomitans, the nosocomial pathogen Aeromonas hydrophila, and the enteropathogen Salmonella enterica serovar Typhimurium. In A. actinomycetemcomitans, Mip was found to be upregulated in primary isolates, and a deletion of the gene caused a significant reduction in the efficiency of bacteria to invade HeLa cells (221) . While for A. hydrophila no noteworthy effect was seen in a suckling mouse model when a Mip-like protein was missing, for S. Typhimurium the reports differ (222) (223) (224) . Initially, deleting the periplasmic Mip homolog FkpA in S. Typhimurium was reported to cause attenuation in cell culture infections of Caco-2 epithelial and J774 macrophage cells (223) . However, in a more recent study, this finding was questioned, and attenuation was observed only when, in addition to FkpA, the periplasmic parvulin SurA or the periplasmic chaperone DegP was missing (224) . This suggests that FkpA might be functionally replaced by SurA.
Functional replacement between these two PPIases was very recently shown in E. coli lacking SurA and the periplasmic chaperone Skp (86) . Deleting both leads to a decrease in the amount of folded outer membrane proteins and is deleterious at 37°C (225, 226) . However, under heat shock conditions, this phenotype disappears due to the elevated chaperone activity of FkpA (86) . Accordingly, it was suggested that FkpA is as important as SurA under certain conditions. Similarly, the secretion of the virulence- (228) . Mip-like PPIases are not restricted to human or animal pathogens but are also present in plant pathogens, such as the gammaproteobacterium Xanthomonas campestris, which causes black rot on all cultivated brassicas (143, 229) . This periplasmic PPIase influences exopolysaccharide production and causes smaller lesions on infected leaves. The latter observation is probably caused by the inefficient transport of a type II secreted extracellular protease, PrtA (230) . Mip-like PPIases are also not restricted to bacteria alone but have been reported for major protozoan parasites, such as T. cruzi and Leishmania infantum (44, 231) . For the Mip-like protein of T. cruzi, it is known that it facilitates invasion of mammalian epithelial cells (44) . Interestingly, this protein is secreted into the culture supernatant and exerts its role in this free form. The structural similarity between TcMip and the Mip protein of L. pneumophila is so high that the invasion deficiency of the knockout mutant can be compensated to a certain degree by adding recombinant Legionella Mip (232) .
The exact role of this protein family during infection is now being unraveled successively, beginning with L. pneumophila and some other pathogens. In the following, we summarize the progress made in regard to virulence properties of Mip-like PPIases and their utilization as drug targets by focusing on L. pneumophila and Burkholderia pseudomallei.
Mip of Legionella pneumophila
The FKBP Mip was the first genetically identified virulence factor of L. pneumophila shown to be relevant for intracellular infection. Deletion of the genetic locus harboring mip resulted in reduced intracellular replication rates in human alveolar macrophages and protozoa, especially in the initial time points of infection, hence its name, macrophage infectivity potentiator (233) (234) (235) . Soon after its discovery, Mip was proven to be an FKBP-type PPIase, which was a novel finding within this protein family (31) . It is differentially expressed under the control of LetA, which is a global regulator of virulence-associated genes (236, 237) .
Structural deciphering of Mip. The structural properties of Mip were analyzed extensively using X-ray crystallography and nuclear magnetic resonance (NMR), with the protein being alone or in complex with FK506 or rapamycin (238) (239) (240) . Mip is a 24-kDa basic protein which exists as a homodimer on the outer membranes of bacteria (53, 241) . Besides an N-terminal signal sequence that is cleaved off during transport across the cytoplasmic membrane, Mip can be divided into three distinct regions: an N-terminal domain consisting of two ␣-helices, a long connecting ␣-helix in the center, and a C-terminal FKBP domain (238) . The N-terminal domain is globular and facilitates dimerization via a methionine knot, in which Met38 and Met42 of one monomer interact with Met42 and Met38, respectively, of the other monomer. This dimerization mechanism via the mirror image-like interaction of hydrophobic amino acid pairs is typical for dimeric bacterial PPIases and is repeated as a Leu-Val knot in FkpA of E. coli and a Val-Leu knot in FKBP22 of Shewanella sp. SIB1. The dimeric nature is probably decisive for the in vivo action of Miplike PPIases, as suggested by the example of FKBP22. A monomeric mutant, although similarly active in a peptide-based isomerization assay, exerted far less enzymatic activity in an RNase T1 folding assay (242) . The connecting ␣-helix between the N and C termini has an as yet unknown function, but it might have some important role regarding protein interactions and virulence, as discussed below. NMR studies assigned this helix considerable structural flexibility, while the helical structure is sustained (239) . Thus, it is currently thought that this helix confers Mip the flexibility it needs for binding different substrates as a dimer. Finally, the C-terminal domain reveals a globular ␤-fold structure typical of FKBPs.
Subsequent studies after the discovery of Mip and its characterization as a PPIase focused on the enzymatic feature of this novel virulence factor. The fact that the PPIase domain has highly conserved amino acids within its FK506 binding pocket led to the generation of single substitution mutants where Asp142 was replaced by leucine and Tyr185 by alanine. The purified recombinant proteins exhibited a pronounced loss of PPIase activity in in vitro peptide folding assays (5.3% for the Asp142Leu mutant and 0.6% for the Tyr185Ala mutant). However, when the same variants of mip were used to complement ⌬mip mutants, they behaved in infection studies of amoeba or human macrophages and blood monocytes as if wild-type mip had been used (243) . It was concluded that either additional properties other than PPIase activity are important for Mip action during intracellular infection or the residual enzymatic activity of the mutant proteins was still sufficient for exerting PPIase-dependent phenotypes.
These considerations were further evaluated in a follow-up study where, in addition to the full-length single amino acid mutants, two variants were used, which were generated by truncating Mip in the middle of the long connecting ␣-helix. This resulted in a monomeric C-terminal variant containing the FKBP domain and a variant containing the N-terminal dimerization domain. The monomer retained enzymatic activity comparable to that of wild-type Mip in peptide folding assays. But in protein folding experiments with denatured RCM-T 1 as the substrate, a significant loss in activity was observed, whereas full-length Mip was as efficient as TF from E. coli (244) . Interestingly, in cell culture and guinea pig infections, complementing the mutant with monomeric Mip reverted the phenotype only to a limited degree. Moreover, of the two previously described full-length substitution variants, only the Tyr185Ala mutant, with 1 to 2% PPIase activity, failed to complement the phenotype back to wild-type levels (244) .
Similar to the case of FkpA of E. coli (242) , a probable in vitro chaperone activity of Mip is dependent on dimerization via its N terminus as the major facilitator of interactions associated with protein folding, which is typical for modular PPIases. In accordance with this, the results from infection studies suggest that for complete Mip action in vivo, the dimeric nature of the protein is substantial and that the PPIase activity and N-terminal accessory chaperone activity, which is not yet described in detail, need to act in a concerted fashion (244) .
Interaction of Mip with human collagen IV. The impact of Mip on systemic infection could be demonstrated in guinea pigs, where Mip contributes to the dissemination of bacteria within the lung tissue and to the spleen (245, 246) . This also suggests a role for Mip in the extracellular virulence of L. pneumophila. In the extracellular milieu within the lung, bacteria are confronted mainly with epithelial cells and, even more, with components of the extracellular matrix (ECM). Accordingly, when single ECM components were tested for Mip binding, collagens were found to be the primary target of Mip. Among the potential collagens, Mip binds mainly to collagen IV (246) . By doing so, it facilitates the interaction with lung epithelial cells and promotes the in vitro transmigration of bacteria across the epithelial cell barrier. This interaction can be inhibited by rapamycin and was less pronounced in the Asp142Leu and Tyr185Ala substitution mutants, showing the involvement of the PPIase active site (246) .
Upon identifying human collagen IV as a Mip target, we were recently able to prove that Mip binds to a specific target sequence within the globular noncollagenous NC1 domain of the ␣1 isomer of collagen IV (247). This 13-mer peptide (127IPPCPSGWSSLW I139; P290) was identified with the help of a peptide array consisting of overlapping peptides resembling the complete sequences of the two most dominant isomers of collagen IV in human lung tissue, ␣1 and ␣2. (Collagens are trimeric proteins, wherein the monomers wind around each other to form a superhelix. In lung tissue, collagen IV is typically built with two ␣1 isomers and one ␣2 isomer.) According to the published crystal structure of the NC1 domain (PDB entry 1LI1), P290 is completely localized on the surface, and hence ideally situated for interacting with Mip. As assessed by competitive binding to immobilized collagen IV and coprecipitation studies using rapamycin as an inhibitor, P290 binds to the PPIase active domain of Mip. These biochemical data are supported by molecular docking models generated according to NMR measurements of the complex of the C-terminal Mip fragment with P290 in solution. Finally, P290 and an optimized cyclic derivative thereof inhibited bacterial transmigration at micromolar concentrations (247) .
Identification of P290 as the Mip-binding sequence on the surface of collagen IV ␣1 brought up the question of whether Mip acts as a PPIase or, rather, as an adhesin binding its receptor, making it a typical moonlighting protein. The first indication that the PPIase activity is probably of secondary significance was gained from NMR studies of the P290-Mip complex in solution. Computer models generated from these measurements affirmed that P290 indeed binds to the enzymatic cleft of Mip, forming close interactions with key residues. However, the bottom of the binding pocket is occupied by Trp134 and not one of the prolines, which are positioned more in the periphery, hence questioning a PPIase action of Mip on P290 or collagen IV (247) . In addition, these measurements enabled simulation of the Mip-NC1 interaction over a period of 40 ns by use of molecular docking algorithms. This simulation clearly showed (i) that the Mip dimer is able to interact with two NC1 domains, via their P290 sequences within the trimeric NC1 complex; and (ii) that the tertiary and quaternary structures of NC1 are not relevantly influenced by this interaction (247) . Considering the rigid globular structure of the NC1 domains, due to several disulfide bonds, the latter finding is comprehensible and again supports the idea that Mip acts primarily as an adhesin within the context of Legionella-ECM interaction.
Implications of further functions of Mip during infection. Certainly, Mip-collagen IV interaction, with its implications for extracellular virulence of bacteria within human lung tissue, delivers important hints for understanding the progression and outcome of Legionnaires' disease. Furthermore, this is substantial for the targeted design of alternative treatments, as discussed later. Nevertheless, the contribution of Mip to the course of intracellular infection requires alternative explanations, since the Legionella-containing vacuole is a "collagen-free" environment.
Identification of an intracellular host target is an important prerequisite for explaining the effect of Mip on cellular infection. Immunogold labeling studies proved the presence of Mip on intracellular membranes within infected host cells (53) . Additionally, Mip is present on outer membrane vesicles (OMVs), which are shed by L. pneumophila under all tested growth conditions, including intracellular stages (248) . Thus, OMVs can serve as vehicles to deliver Mip into the host cell cytoplasm, where it might mimic host PPIases, such as hFKBP12, due to the high sequence similarity. Accordingly, in light of the immunomodulatory involvement of hFKBP12, it was initially proposed that Mip might interact with calcineurin in a similar way (235) .
Together with calcineurin, hFKBP12 also binds the inositol-1,4,5-trisphosphate receptor (IP3R), forming a ternary complex and regulating its activity (249, 250) . IP3R forms a Ca 2ϩ channel within the ER membrane, which releases Ca 2ϩ into the cytoplasm upon binding the messenger IP3, and it is involved in regulation of autophagy in the model protozoan Dictyostelium discoideum (251, 252) . Autophagy is a general host response toward intracellular bacteria and is manipulated by L. pneumophila in macrophages and D. discoideum (253, 254) . Although this is highly speculative, it can be proposed that the contribution of Mip to intracellular infection might be an interference with the host autophagy machinery via an hFKBP12-dependent signaling pathway.
Another relevant observation for alternative Mip actions was made when the supernatants of the wild-type strain and its Mipdeficient mutant were fractionated and their phospholipase C activities compared. The supernatant derived from the ⌬mip mutant lacked a distinct phospholipase C activity which was independent of the major phospholipase C (PlcA) (255) . This protein, which has not yet been identified definitively, is the only reported potential bacterial substrate of Mip to date. C-type phospholipases hydrolyze phospholipids into 1,2-diacylglycerol (DAG) and a phosphorylated residue, such as inositol phosphate, ethanolamine phosphate, or choline phosphate. DAG and inositol phosphates act as second messengers in signal transduction pathways regulating vesicle trafficking and autophagy (252, 256) . L. pneumophila has several type IV secretion system-dependent effectors that bind host phosphoinositides and actively participate in the host phosphoinositol metabolism (257, 258) . Also, secreted phospholipases of L. pneumophila are active in the lung tissue, as shown for phospholipase A in the guinea pig infection model (259) . Hence, it may be speculated that the Mip-dependent phospholipase C activity contributes to the course of infection by destroying host tissue. Considering all this, it can be concluded that Mip most probably executes extra-and intracellular functions on multiple levels during the progression of Legionnaires' disease.
Mip-like PPIase of Burkholderia pseudomallei (BpML1). B. pseudomallei, the causative agent of melioidosis and a potential bioterror agent, is a saprophytic betaproteobacterium that is widely distributed in tropical habitats. It is a major threat due to its intrinsic resistance to a broad range of antibiotics. The infection route is typically contact mediated via skin lesions but can also be by inhalation or ingestion. Once inside the human host, the bacterium can replicate within many different cell types and is able to escape the phagosome and spread from cell to cell. The disease can progress acutely, remain chronic, or, in some cases, even be asymptomatic (260, 261) . The genome of B. pseudomallei encodes at least two FKBPs: BpML1 and BPSL0918. Interestingly, the latter lacks any measurable PPIase activity due to mutation of several key residues in the enzymatic cavity. But its deletion has severe effects on the intracellular replication capacity of the bacterium. Although the specific molecular mechanisms are not known, it was assumed that, like the case for many PPIases, BPSL0918 functions as a chaperone, with probable impacts on outer membrane integrity and stress tolerance (262) .
In contrast, BpML1 is enzymatically active and is the second most thoroughly analyzed Mip-like PPIase. However, unlike Mip, BpML1 consists mainly of the PPIase domain and lacks the long ␣-helix and the N-terminal dimerization domain. Accordingly, localization to the outer membrane or secretion is not reported. But the PPIase domains of both proteins reveal 40% identity, with strong conservation in the enzymatically active groove. BpML1 influences several virulence-related traits, including resistance to low pH, survival in macrophagelike and epithelial cells, swarming due to flagellation, and extracellular protease activity. Additionally, a BpML1-deficient mutant was significantly attenuated in a mouse infection model (261) . That study assigned BpML1 a central role in the virulence of B. pseudomallei and can be instructive for the analysis of other known Mip-like PPIases. Furthermore, the major contribution of BpML1 described so far suggests that it is primarily a facilitator for other primary virulence determinants. Thus, it would be interesting if attenuation in the mouse model is also due to the direct participation of BpML1, as it is for Mip.
A first step toward understanding the action of BpML1 was made by analyzing its crystal structure (263) . This revealed high analogy to the FKBP domain of Legionella Mip, especially in the hydrophobic cleft binding FK506 and rapamycin. Due to the high structural resolution of 0.91 Å, the researchers were able to observe pronounced flexibility of the crucial active side residues Asp44 and Tyr89 (corresponding to Asp142 and Tyr185, respectively, in Mip), which was not obvious in a crystal structure of hFKBP12 with 0.92-Å resolution. This was also confirmed in NMR-derived solution structures, in which Asp44 showed a wide range of conformations, while Tyr89 adopted two alternative conformations and the rest of the ligand-binding residues remained in one conformation. From this structural flexibility, it can be speculated that BpML1 possesses some functional flexibility regarding its substrate binding. Another interesting finding derived from the crystal structure was that during crystallization, the purification tag of one protein molecule underwent close interaction with the active site of the next protein molecule. Similar to the observation made in the case of the P290-Mip complex, the hydrophobic pocket is not occupied by the proline within this tag but by a preceding valine residue, in a manner that is not typical for known peptide-PPIase interactions (263) . This again suggests that Mip-like PPIases can utilize a variety of substrates.
Mip-LIKE PPIases AS DRUG TARGETS
Current anti-infective chemotherapeutics target physiologically relevant pathways and, by this approach, create marked selection pressure on microorganisms, which in turn has caused the quick rise of resistances toward the existing antibiotic classes (264) . Virulence factors are generally considered nonessential and benefit pathogens only in the aspects of host colonization and disease. Dampening the virulence of a pathogen should therefore prevent, or at least slow down, the fast emergence of resistant strains after a new drug is introduced. Hence, anti-infective drug design approaches are undergoing a rethinking process and are focusing more and more on virulence factors, such as secretion systems, adhesins, or quorum sensing, as targets (265) (266) (267) .
Up to this point, we have given an overview of the virulence potential of Mip-like PPIases in pathogenic bacteria, with a focus on the best-analyzed representatives. Although for most of the reported Mip-like PPIases, understanding the exact mode of action during infection still requires extensive research, their noticeable association with pathogenic microorganisms renders this new group of virulence factors an attractive drug target. In addition, considerable research on derivatives of FK506 and rapamycin, as well as alternative structures of FKBP inhibitors, has already been done, which can be of great use for the identification or design of specific inhibitors of Mip-like PPIases. However, one major obstacle remains, i.e., the high degrees of sequence and structural similarity among the bacterial and host FKBPs, which confers the risk of immunomodulatory side effects. This necessitates the design of structures with high specificity toward the Miplike PPIase of interest. One crucial advantage is that there are structural data for FK506 and rapamycin as well as for a number of derivatives of these in complex with FKBP12 (268, 269) . Furthermore, crystallographic and NMR data on Mip, BpML1, and the secreted protein TcMip enable comparison to human PPIases and structure-based design of specific inhibitors (232, 238, 240, 263) . Thus, the dilemma with structural conservation among FKBPs requires the integration of information derived from structural data with information about PPIase-protein interactions in order to discover novel and specific inhibitors. In the following, we give a short overview of existing approaches for identifying FKBP inhibitors.
A Short History of PPIase Inhibitor Design
All initial PPIase inhibitors were identified during the screening of natural compounds for biological activity (13, 270, 271) . In the case of cyclophilins and FKBPs, secondary metabolites that had been discovered even helped to isolate and characterize the first representatives of these families of proteins. Although a specific inhibitor of parvulin-like PPIases was missing at the time of their discovery, juglone, a secondary metabolite of chestnut trees, was also identified by screening of a library of natural compounds (21) . For FKBPs, with rapamycin, ascomycin, and FK523, there are already natural analogs present (272) (273) (274) . Hence, nature remains one of the most important sources for looking for PPIase inhibitors. Complementary to this, novel FKBP inhibitors were identified by structure-activity relationship (SAR) approaches using computer modeling or screening of compound libraries (275) .
FK506 and its derivatives. The early, puzzling finding that the macrolides FK506 and rapamycin exert their immunosuppressant action by binding to human FKBP12 (16, 17) was soon followed by the more surprising discovery that this effect was not due to inhibition of the PPIase activity by either of them (276, 277) . Instead, as shown in subsequent studies, FK506 or rapamycin, upon binding to FKBP12, facilitates its association with calcineurin or mTOR, respectively (278) (279) (280) . Interaction with FKBP12 occurs via a "binding domain" of FK506 (Fig. 3) , which contains a pipecolinyl ring that mimics a peptidyl-prolyl bond and occupies the hydrophobic cleft of the PPIase formed by the aromatic side chains of Trp55, Phe46, Tyr26, and Phe99 (268, 281) . Further on, the ester carbonyl group forms a hydrogen bond with the backbone amine of Ile56, as does the amide carbonyl with Tyr82, and the hemiketal hydroxyl interacts with Asp37. By this, half of FK506 is buried in FKBP12, while the other, mainly hydrophobic part is solvent exposed. This creates a unique "effector domain" that enables FKBP12 to bind to calcineurin (269, 282) .
The bifunctional nature of FK506 inevitably opened the way for the design of more specific drugs with only PPIase-inhibitory properties. Most of the synthetic structures were generated under the SAR point of view, which assumes that there is a pronounced relationship between the chemical structure of a molecule and its biological activity (37, 269) . As a result, the core of the binding domain of FK506, consisting of the pipecolinyl ring and the keto amide group, which interact with the hydrophobic pocket of FKBP12 and its relatives, was kept as the scaffold for acyclic derivatives of FK506 (Fig. 4) . Screenings showed that the pyran ring could be replaced by a (dimethylethyl)methyl group, as in SB3, where the macrocyclic part and the cyclohexan ring were replaced by aromatic groups. The resulting compound had a K i (app) of 7 nM. The crystal structure of the FKBP12-SB3 complex (PDB entry 1FKG) revealed that the substitutes undertake similar hydrogen bonds with the respective amino acids, confirming the good affinity (283) . An even better substitution for the pyran ring turned out to be 3,4,5-trimethoxyphenyl, as in the case of VA-10,367. This compound, in combination with hydrophobic residues replacing the cyclohexan ring and the macrocycle, achieved a K i (app) of 0.5 nM, and thus was as good as FK506, with a K i (app) of 0.4 nM (284) .
Similar efficiencies, with a K i (app) of 2.8 nM, were reached with a cyclohexan derived from (R)-(Ϫ)-carvone substituting for the pyran residue (285) .
Identification of novel structures by synthetic approaches. Further efforts basically affirmed the importance of the keto amide bond for the ligand-FKBP interaction. Modifications at this position were fruitful only with a sulfonamide substitution, which gave a K i (app) of 160 nM (Fig. 4A) (269) . A novel class of FKBP inhibitors was introduced in which a bicyclic ring system coupled via a thioester bond to a pyridine was employed (Fig. 4B) . Crystallographic data showed that the new ring system was able to bind to the same hydrophobic pocket as the pipecolinyl ring of FK506. However, the efficiency of this type of compound, with a K i (app) of 7.9 M, was clearly below those of FK506 and VA-10,367 (286) .
Novel structures were also generated with the aim of designing peptidomimetic inhibitors. In a very early effort, a step-by-step approach was used to determine the best structural characteristics of a peptidomimetic inhibitor (287) . It was concluded, in contrast to later reports, that a pipecoline ring with an amino ketone instead of an amido ketone constituted the minimal binding moiety. Through successive testing, a peptidomimetic inhibitor resembling a ␤-naphthyl-Pro-Phe-Val-phenyl tetrapeptide was determined to be the best inhibitor, with a 50% inhibitory concentration (IC 50 ) of 0.3 M (Fig. 4C) . In another study following a mechanism-based approach, several peptidomimetics containing Extensive research was done in order to exploit the FKBP binding domain of FK506 (highlighted in yellow) as a lead structure for generating acyclic inhibitors without immunomodulatory side effects. Representatives of each approach with the strongest K i (app) , i.e., 7 nM for SB3 (283), 0.5 nM for VA-10,367 (284), and 2.8 nM for 19d (285) , are depicted.
a trans-substituted alkene in place of a proline were produced and tested for PPIase-inhibitory activity. The most promising compound out of this study was a Leu-Pro-tyrosyl tripeptide, which had a K i (app) of 8.6 M (Fig. 4D) (288) .
Identification of novel structures by screening of compound libraries. Some of the most innovative structures with FKBP-inhibitory capacity were identified by two different screening strategies. The first strategy involved using the docking program SANDOCK to evaluate the structures in compound libraries for their suitability as FKBP inhibitors. By use of a fluorescence binding assay, N-benzyl-oxycarbonyl-Pro-Pro was isolated as the best candidate, with a K d value of 0.8 M (Fig. 4E ). In the same study, steroids, such as 5␤-pregnan-3,20-dione, with a K d value of 7 M, were detected as a completely novel structure (Fig. 4F) (289) .
The second strategy employed the screening of a compound library containing structurally diverse secondary metabolites to identify new lead structures. Surprisingly, this study yielded cycloheximide (Fig. 4G) , an inhibitor of eukaryotic protein synthesis, as a new FKBP12 inhibitor (IC 50 ϭ 3.6 M) (290) . The authors of the study generated derivatives of this new lead structure in order to reduce its cytotoxic properties. Among those derivatives, cycloheximide-N-(ethylethanoate) was the most promising candidate, since it was about 200 times less cytotoxic, without losing its inhibitory capacity (IC 50 ϭ 4.4 M) (Fig. 4H) . The best alternative to the keto amide group was shown to be a sulfonamide group with a K i (app) of 160 nM, proving the importance of the keto amide for the protein-ligand interaction (269) . (B) In the structurally most divergent PPIase inhibitor, the pipecolinic ring was replaced by a bicyclic ring system which binds to the same hydrophobic cleft, as shown by cocrystallization. Further on, the aromatic ring replaces the pyran, the sulfur atom fills in the pocket usually occupied by the ketone carbonyl group, and the carbonyl group forms a hydrogen bond with Ile56, like the carbonyl of the macrocycle of FK506 does. This compound has a K i (app) of 7.9 M (286). (C) A step-by-step approach resulted in the identification of a peptidomimetic inhibitor, ␤-naphthyl-Pro-Phe-Val-phenyl tetrapeptide, with an IC 50 
First Attempts toward Specific Inhibitors of FKBPs of Pathogens
As presented above, the search for inhibitors of human FKBPs with primarily no immunomodulatory side effects has led to the discovery and identification of a wide variety of FK506 derivatives and unrelated structures. In contrast to this, the search for specific inhibitors of FKBPs of pathogens has just recently come into focus and is in its infancy. Nevertheless, first attempts were already made and yielded promising candidate precursors for bacterial Mip-like PPIases and FKBP35 of Plasmodium species.
Small-molecule inhibitors of Mip-like PPIases. In two recent publications, small-molecule inhibitors of Mip and BpML1 were identified and tested for PPIase-inhibitory activity (263, 291) . Juli et al. (291) combined data from structural studies with computerassisted docking methods in order to find novel inhibitors of Mip. For this, they used two previously reported acyclic inhibitors as lead structures A and B, with K i (app) values of 10 nM and 0.23 M, respectively. Both structures had the pipecoline ring in common ( Fig. 4I and J) . However, while structure A contained the previously mentioned keto amide moiety, in structure B this group was replaced by a sulfonamide anchor (283, 292) . The suitability of both structures for Mip was analyzed by molecular docking. Interestingly, in these analyses, structure A yielded docking scores which were significantly lower than the top-ranked score for the model human FKBP12. In contrast, the (S)-enantiomer of structure B, with its less bulky sulfonamide, fitted much better into the hydrophobic pocket of Mip (291) .
Subsequently, several derivatives of each structure were generated. As predicted by the molecular docking analyses, none of the derivatives of structure A inhibited Mip. In the case of structure B, it was confirmed that the compound can inhibit Mip at low micromolar concentrations and that the stereochemistry influences the activity, since a pure (S)-enantiomer of structure B (S-4c) had a slightly higher inhibitory activity toward Mip than that of its racemic mixture, 4c (IC 50 of 6 M versus 9 M). It was also shown, with the help of the derivative 4d (IC 50 ϭ 28 M), in which the phenyl sulfonamide group was replaced by a benzyl sulfonamide group (Fig. 4K) , that an extended aromatic group improved the inhibitory potential.
Compound S-4c was also tested in an infection assay and compared to rapamycin. Interestingly, when cells of the macrophagelike cell line U937 were infected with L. pneumophila JR32 (wild type) and were simultaneously treated with 50 M S-4c or rapamycin, there was no detrimental effect of S-4c on the outcome of the infection, in contrast to the case with rapamycin treatment. It was concluded from this that properties other than the PPIase activity of the Mip protein determine its virulence characteristics (291) .
A study dealing with the Mip-like PPIase BpML1 of B. pseudomallei reported that cycloheximide-N-ethylethanoate, which was previously identified as an inhibitor of FKBP12, is also a potent inhibitor of BpML1 (263) . The study also showed, by NMR measurements, that the inhibitor interacted with BpML1 in a way similar to that with a probable protein substrate. Although the inhibitor was not tested in infection studies, this study again confirms that existing structures can be recycled to give valuable lead structures.
Structure-based inhibitors. Designing specific inhibitors of virulence-associated Mip proteins can also greatly benefit from existing structural data. To date, crystal structures of Mip (PDB entry 1FD9), TcMip (PDB entry 1JVW), and BpML1 (PDB entry 2Y78) have been generated (232, 238, 263) . Additionally, for Mip and BpML1, NMR structures of respective complexes with rapamycin or cycloheximide have been published (240, 263) . Furthermore, structural data are available for many of the human FKBPs, among which hFKBP12 (PDB entry 1FKG) is considered primordial and is used for comparative structure-based approaches (283) .
Comparing all three microbial structures to the hFKBP12 structure reveals the high structural conservation of the catalytic cleft, which is formed by Trp59 at the base of the cleft. The residues Tyr26, Phe46, Glu54, Val55, Ile56, Tyr82, and Phe99 line up along the sides of this hydrophobic pocket. The only variations observed in this constellation among the different Mip proteins are at residues Phe46 and Glu54 of hFKBP12. Glu54 is replaced by Gln157 in Mip and Met61 in BpML1, without any major structural consequences. The same is true for Phe46, which aligns with Ala151 of Mip and Thr112 of TcMip but is functionally replaced by Phe153 and by Phe114, respectively (Fig. 5 ). This degree of conservation points out that targeting only the enzymatically active pocket will not deliver sufficiently discriminating drug candidates. Besides the divergence in the remote parts of the proteins, the most striking structural differences between hFKBP12 and its microbial orthologs are, interestingly, in the direct vicinity of the binding pocket, as seen in the structural superimposition of hFKBP12 and Mip (Fig. 6) . While in the case of microbial representatives, this pocket is more accessible from the outside, in hFKBP12, the hydrophobic cleft is sterically occupied by residues His87, Pro88, Gly89, and Ile90. Another structural variation is observed in the cleft base, formed by the residues between Phe46 and Glu54. These differences led Pereira et al. to suggest adding a large hydrophobic group, such as a benzyl ring to C-43 and an ethyl group to C-44 of rapamycin, to produce a derivative which is too bulky to bind to hFKBP12 but still able to bind to TcMip (232) . Since the same structural deviations also apply for Mip, and to a certain degree for BpML1, it would be an interesting undertaking to modify a nonimmunosuppressive derivative of FK506 or rapamycin accordingly in order to evaluate the broadband activity of such a compound.
Substrate-based approach. The identification of a 13-mer pep- Shown is the superimposition of the main amino acid residues building up the catalytically active, hydrophobic pocket of hKBP12 (PDB entry 1FKG; yellow), Mip (PDB entry 1FD9; red), TcMip (PDB entry 1JVW; cyan), and BpML1 (PDB entry 2Y78; green). A remarkable conservation on the amino acid and structural levels can be seen.
tide (127IPPCPSGWSSLWI139; P290) as the Mip binding sequence within human collagen IV prompted our group to follow a substrate-based approach to design a potential peptide-based drug precursor for this bacterial PPIase. (The enumeration in the peptide sequence is according to the amino acid sequence of the published crystal structure of only the NC1 domain [PDB entry 1LI1]. Within the complete sequence of collagen IV ␣1, this peptide spans residues 1517 to 1529.) NMR measurements were conducted to evaluate the peptide-protein interaction in solution. A model based on molecular docking, generated with the help of these measurements, suggested that P290 interacts over its full length with Mip, whereby the catalytic cleft is occupied mainly by Trp134 and partially by Pro131. While these central residues are engaged in hydrophobic interactions with Mip, the rest of P290 performs a turn and projects out of the enzymatic cleft, aligning along both sides of the topological landscape created by residues Val190 to Pro193. This conformation of P290 is stabilized by an intramolecular hydrogen bond between Pro131CO and Trp134NH, as well as by intermolecular hydrogen bonds between P290 and Mip along the interaction surface (Fig. 7) . The average B factor, reflecting the mean square displacement of residues within a complex, and hence the degree of stability, was calculated as 59.08 for P290 in complex with Mip. Among all the residues, Pro131 and Leu137 were the mostdefined positions, with B factors ranging around 30. When the interaction between P290 and hFKBP12 was simulated by molecular docking with the same settings, Trp134 and Pro131 of P290 again occupied the hydrophobic cleft, but the average B factor was 200 due to the high degree of flexibility of the terminal residues, which suggested a much weaker binding of P290 to hFKBP12. This again hints to the importance of the areas around the catalytic cleft for the design of target discriminating drugs (247) . Having observed the indications that a substrate-derived peptide inhibitor of Mip is feasible, we went on further to work out ways of improving P290's action. For this purpose, single amino acid substitutions, cyclization of P290, and use of D-amino acids for peptide synthesis were chosen as strategies. Interestingly, none of the variants synthesized by using D-amino acids were bound by Mip, suggesting that it stereoselectively binds its target. For amino acid substitution analysis, Cys130 and Trp134 were picked. Cys130 occupies position P 1 with respect to Pro131, which is the proline residue closest to the enzymatically active site. Assuming that P290 represents an enzymatic substrate for Mip, Cys130 would be the discriminating amino acid during an eventual PPIase-substrate interaction (31) . Trp134 was chosen because it is the central residue interacting with the enzymatic cleft. Testing respective P290 variants in a peptide microarray setup yielded Cys130Leu and Trp134Phe mutants as the most promising alternatives at these positions, with 2-and 1.8-fold better Mip binding, respectively. Strikingly, molecular docking simulations performed with the Cys130Leu variant of P290 indicated that the stability of the complex can be improved even more by replacing Pro131 instead of Cys130 by a leucine residue (247) . When P290 was cyclized over its full length by replacing the terminal isoleucine residues with cysteines, a 2-fold improvement in binding could be achieved. In contrast, a shorter cyclic version containing only the core residues 131PSGW134 flanked by two cysteines had a binding strength of only 5% on the peptide microarray, compared to P290. In combination, these results allowed us to conclude that an improved variant should be (i) cyclic, (ii) approximately 13 amino acids long, and (iii) optimized at positions 131 and 134. In light of these conclusions, a new cyclic variant of P290, CPPCLSGFSSLWC (mutations are shown in italics), was tested in a molecular docking simulation. It was found that the B factor of this variant was improved by 5% and that its solvent-exposed surface was reduced by 7%. In accordance with these findings, we were also able to observe improved inhibition efficiency of this cyclic variant compared to its lead structure, P290, in an in vitro bacterial transmigration assay (247) . The activity of P290 and its derivatives opens up the possibility of inhibiting Mip-like FKBPs of other pathogens, which needs further evaluation.
Identification of inhibitors of plasmodial FKBP35 by structure-based in silico screening. Malaria is the most devastating parasite-related disease worldwide, and the constant increase in resistance against current therapeutics, including the most recent antimalarial drug, artemisinin, necessitates the identification of new druggable targets. It has been shown that nonimmunosuppressive derivatives of FK520, which can inhibit the PPIase or chaperone activity of plasmodial FKBP35, also have antiparasitic activity on P. falciparum cultures (293) . In light of these findings, Harikishore et al. (294) applied a structure-based in silico screening approach using the crystallographic data on human FKBP12 in complex with FK506. Structural comparison of the PPIase domains of the FKBP35 proteins of P. falciparum and P. vivax with this complex revealed that the amino acids His87 and Ile91, in the ␤5-␤6 loop of human FKBP12, are replaced by Cys106/105 and Ser109/108, respectively, in these plasmodial species. Taking this variance into consideration, together with further predicted features for strong interactions, the authors of that study screened a three-dimensional (3D) virtual database and identified, after molecular docking, scoring, and prioritizing, the substance D44 (Fig.  8) , consisting of a purine-like ring system and a phenyl ring linked by a thio-acetamide linkage (294) .
The efficacy of D44 could be confirmed in PPIase assays, where it exhibited inhibition of FKBP35 proteins of both species, with IC 50 s of around 130 nM, whereas human FKBP12 and the phosphatase activity of calcineurin were not affected at concentrations as high as 10 M. In accordance with the biochemical data, D44 effectively suppressed parasitemia of several P. falciparum strains and arrested the infection cycle at the schizont stage so that reinfection of erythrocytes was prohibited. Proliferation of human cell lines was inhibited at substantially higher concentrations, with IC 50 s of around 400 M, underlining the discriminative action of D44 (294) . The interaction of D44 with FKBP35 of P. falciparum and P. vivax was also analyzed by NMR and revealed that D44 is able to undergo stronger interactions with the residues Cys106/ 105 and Ser109/108 than those seen with FK506. These interactions seem to cause structural movements of Phe65/64 and Trp78/ 77, which are further away but form the basis of the enzymatically active hydrophobic pocket of FKBP35 (294) . As a result, it was elegantly shown that structure-based approaches yield valuable alternative drug candidates, among them small-molecule inhibitors targeting the vicinity of the hydrophobic pocket of PPIases.
CONCLUSIONS
Almost 30 years of PPIase research has taught us that this protein superfamily is ubiquitous, diverse, and abundant among living organisms. Members of this family are connected to many physiological phenomena, such as protein secretion, gene regulation, immunomodulation, and neurodegeneration. Since the initial discovery of Mip of L. pneumophila, the first microbial FKBP proven to be involved in infection, the number of reports about virulence-associated PPIases has constantly been increasing. In many instances, the contribution of the isomerase activity to the observed phenotypes remains elusive and enigmatic. Enzymatically, as accessories or in a pleiotropic way, by whatever means PPIases are involved in the observed phenotypes, they are and will remain an interesting target for anti-infective therapies, despite the presumably high similarity of their PPIase active domains. Accordingly, a lead anti-infective targeting PPIases should restrict its inhibitory activity to bacterial PPIases in order to avoid immunosuppressive side effects. Although targeting as many representatives of the same class as possible would be advantageous for the broad clinical setting, the applicability of this strategy could turn out to be challenging. One reason for this is that selectivity that discriminates between host and pathogen PPIases builds on structural nuances around the catalytically active cleft and may yield inhibitors with a narrow target range. However, the fact that peptide derivatives, small synthetic molecules, and derivatives of known natural products have been identified as nonimmunosuppressive inhibitors shows the versatility of structural possibilities for novel anti-infective lead structures. In line with this, efforts toward selective inhibitors are starting to yield initial promising candidates for alternative therapeutics and emphasize the potential of structure-based approaches in this matter. It should be pointed out that not only PPIases of pathogens but also host PPIases are interesting targets for therapeutic approaches. This is already being put into practice in regard to viral infections and human cyclophilins. Furthermore, the findings regarding activation of bacterial binary toxins by host PPIases also open new perspectives in this respect and support the need for a thorough understanding of the involvement of PPIases in infectious processes. Not only inhibiting but also activating host PPIases can be a novel approach for combating infections, as demonstrated by recent studies with plant PPIases.
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FIG 8
Structure of D44, a novel inhibitor of plasmodial FKBP35. D44 was identified using structure-based in silico screening of a small-molecule database and verified by in vitro tests.
